plasma membrane and IFs (DiColandrea et al., 2000) . In addition, the binding of the C terminus of periplakin with IFs has been reported (Kazerounian et al., 2002; van den Heuvel et al., 2002; Karashima and Watt, 2002) . Furthermore, full length envoplakin is expressed in aggregates associated with IFs (DiColandrea et al., 2000) .
Epiplakin is mostly found in epithelial tissues (Fujiwara et al., 2001; Spazierer et al., 2003) . Like other plakin members, epiplakin is a large protein. Both human and mouse epiplakin genes have been reported, and both feature a huge single exon (more than 20 kb) encoding 13-16 PRDs with various sizes of linkers in between (Takeo et al., 2003; Spazierer et al., 2003) . The last five to eight repeated units [linker plus B domains; nomenclature according to Fujiwara et al. (Fujiwara et al., 2001) ] of epiplakin are virtually identical even at the nucleotide level. However, epiplakin lacks the center coiled-coil rod domain and the amino-terminal globular domain. It was predicted that epiplakin would exist as a single chain molecule in vivo since no dimerization domain was found (Fujiwara et al., 2001 ). However, the subcellular localization, the biological function and its interaction partners remain unknown.
Knockout studies on some plakins have been well documented. Plectin-null mice showed a phenotype similar to the autosomal recessive skin disease known as epidermolysis bullosa simplex with muscular dystrophy (EBS-MD) (Andrä et al., 1997) . The knockout of desmoplakin resulted in embryonic lethality due to the loss of integrity of the extra-embryonic endoderm (Gallicano et al., 2001) . After the ablation of bullous pemphigoid antigen 1 (BPAG-1), in mice there was sensory neuron degeneration, and they died at 4-6 weeks (Brown et al., 1995; Guo et al., 1995) . While the absence of envoplakin resulted in subtle phenotypes with a slight delay in the formation of the skin barrier (Määttä et al., 2001) , the periplakin-null mice developed normally and did not show any skin phenotype (Aho et al., 2004) . However, gene ablation of epiplakin through a conventional knockout study has not yet been reported.
In the present study, we have determined the subcellular localization of human epiplakin in cultured epithelial cells by immunofluorescence analysis. We demonstrate the association of epiplakin fragments with keratins and vimentin by overlay binding assays. We also observed, by real-time RT-PCR, the increase of epiplakin expression in keratinocytes as they underwent differentiation. In particular, we used RNAi to effectively reduce the level of epiplakin and conducted rescue experiments with epiplakin fragments in HeLa cells. We provide evidence that epiplakin plays a crucial role in the integrity of IF networks in simple epithelial cells.
Materials and Methods
Generation of cDNA constructs A 1.8 kb cDNA encompassing the last linker (L12), B repeat (B13) and five additional residues before the stop codon (Table 1) was obtained by RT-PCR using total RNA of HeLa cells as a template. The cDNA was synthesized using 5′-GCACGGAGGAAGCCCAGT-CAC (reverse) paired with 5′-ACTTCGACGAGGAGATGAACCGT (forward) by one-step RT-PCR (Invitrogen). The PCR product was cloned into TA vector (Invitrogen) and verified by cycling sequencing. This construct was used as a template to generate fragments with different combinations of B repeat and linker (Table 1 ). The fragments were subcloned into a pGATEV vector of NdeI/XhoI sites [a gift from K. Alexandrov (Kalinin et al., 2001) ], allowing inducible expression of N-terminal GST fusion proteins. To generate pEGFP-fused epiplakin constructs, the same primers with different linkers (Table 1) were paired with the corresponding reverse primers for PCR to obtain B13, L12 and L12B13 epiplakin fragments. These fragments were first cloned into TA vector and digested with SalI/EcoRI, gel cleaned, and cloned into XhoI/EcoRI sites of pEGFP-C3 (Clontech) to obtain pEGFP-B13, pEGFP-L12 and pEGFP-L12B13. All of the DNA sequences were verified to ensure the coding region was in-frame.
Expression constructs of human keratins 5, 14, 8 and 18 were constructed as follows; the cDNAs were obtained with each corresponding pair of primers (Table 1) by one-step RT-PCR (Invitrogen) using total RNA isolated from HeLa and NHEK (normal human epidermal keratinocytes) cells. All cDNA fragments were first 5′-AGGGTACCCTGCTTCTGCTaagcttATGCCTCAGAACTTTGGTG-3′ *The epiplakin fragments were cloned into pGATEV expression plasmid. Full-length keratin cDNAs were cloned into pET23a plasmid and in frame with Histag on the C-terminal.
† In each PCR reaction, the upper and lower primers are the sense and antisense oligonucleotides, respectively. The cloning linkers are lowercase. The stop codon of each epiplakin fragment is underlined.
cloned into TA vector, digested with corresponding restriction enzymes and subcloned into pET23a expression vector (Novagen). The human vimentin expression construct was a generous gift from R. Goldman. Human involucrin expression construct was used as previously described (Nemes et al., 1999) .
Epiplakin antibody
To generate antibody against human epiplakin, the peptide PGARPQLQDAWRGPREPG, found in several linkers, was synthesized and used as the antigen. Rabbit antiserum was generated by Harlan Bioproducts (Indianapolis, IN). The polyclonal antibody was affinity-purified with UltraLink Immobilization Kit (Pierce). The specificity of epiplakin antibody was characterized by western blotting.
Cell culture and indirect immunofluorescent staining NHEK (normal human epidermal keratinocytes) cultures, HaCaT cells (gift from E. N. Fusening), HeLa (human cervical carcinoma), COS-7 (African green monkey kidney) and A431 (human epidermoid carcinoma) cells were maintained as previously described (Jang et al., 1996) . NHEK-L cells were grown in low calcium (0.05 mM) medium. In NHEK-H cultures, the calcium concentration was raised to 1.2 mM for the initiation of the terminal differentiation of keratinocytes. For immunofluorescent staining, all fixation and staining procedures described below were conducted at room temperature. The cultures grown in the four-chamber slide (Lab-Tek) were fixed with cold methanol (-20°C) for 5 minutes, washed three times with PBS and permeabilized with 0.4% Triton X-100 in PBS solution for 30 minutes. After washing three times with 0.05% Tween 20 in PBS (PBST), cultures were blocked in 5% nonfat milk (Carnation) in PBST for 30 minutes. Cells were incubated with primary antibodies for 1 hour. The following antibodies were used: mouse antibodies against vimentin (1:100), keratin 5 (1:100), keratin 14 (1:100) were from Novocastra; guinea pig polycolonal anti-pan keratin (1:30), mouse anti-actin (1:200) and mouse anti-tubulin (1:200) were from Sigma. After washing, the cells were incubated with secondary antibodies which included goat anti-rabbit, anti-mouse, anti-guinea pig with the FITC-, TRITC-, or Cy5-conjugated IgG (1:300, Jackson Immunoresearch) for 30 minutes. After washing, the cell nuclei were stained with TO-PRO-3 (2 µM; Molecular Probes) in PBST. The control samples included those treated with either secondary antibody alone or with preimmune rabbit serum for epiplakin polyclonal antibody. The slides were mounted with Vector Shield (Vector) and examined using either a Leica DMR fluorescence microscope or an Olympus laser scanning confocal microscope (Fluoview 500) with sequential scanning mode. At least 20 different fields were evaluated and one representative result is shown for each experiment. Images were processed using Adobe Photoshop 7.0.
Expression, purification of keratins, filaments assembly and dot blot overlay assays The expression and purification of human keratins were the same as described by Fontao et al. (Fontao et al., 2003) except that the proteins were extracted from final pellets by urea buffer (25 mM Tris-HCl, pH 8.0, 500 mM NaCl, 5 mM imidazole, 8 M urea). After an additional centrifugation at 37,500 g, the supernatants were collected and the urea concentration was adjusted to 6 M. Keratins were further purified using a 5 ml Hi-Trap Ni-NTA column (Pharmacia) and eluted by a gradient of 5-500 mM imidazole. Fractions were collected and analyzed by 4-12% Bis-Tris NuPAGE (Invitrogen) and Coomassie Blue staining.
The bacterially expressed K5, K14, K8 and K18 keratins were purified and polymerized into filaments by stepwise dialysis as described previously (Yamada et al., 2003) . For overlay binding assays, the recombinant proteins or assembled filaments (1 µg each) were immobilized on a PVDF membrane using Bio-Dot microfiltration apparatus (Bio-Rad). One membrane was stained with 0.1% Amido Black (Sigma). The others were incubated with the indicated recombinant GST-fused epiplakin proteins (5 µg/ml) in blocking solution (5% nonfat milk in PBST) for 1 hour and probed with rabbit anti-GST antibody (Upstate) and goat HRP-conjugated anti-rabbit antibody (Bio-Rad) for 30 minutes. After washing, the membranes were visualized by SuperSignal West Pico Lumino/Enhancer (Pierce) and exposed to X-ray film (MR, Kodak).
Western blot analysis
Cells were collected in lysis buffer as previously described (Jang and Steinert, 2002) . After centrifugation at 21,000 g for 10 minutes at 4°C, the supernatant was collected as a soluble fraction. The pellets were resuspended in NuPAGE LDS sample buffer (1×; Invitrogen), boiled for 10 minutes and centrifuged at 21,000 g for 5 minutes This supernatant was used as an insoluble fraction that contained mainly the cytokeratins. For immunoblotting, equal amounts of the soluble or insoluble fractions were run on 4-12%, Bis-Tris NuPAGE (Invitrogen) and transferred onto polyvinylidene difluoride (PVDF) membrane. The membranes were blocked and probed either with antiepiplakin antibody (1:2000) only, or together with mouse anti-β-actin (1:2000, Sigma) or anti-β-tubulin (1:1000, Sigma) antibodies. After washing, the membranes were incubated with HRP-conjugated antirabbit antibodies (1:2000) and developed as described above.
Real-time RT-PCR
For reverse transcription (RT), total RNA (1 µg) from HeLa or NHEK cells was first treated with deoxyribonuclease I (Invitrogen) and was reverse transcribed by the gene-specific reverse primer (epiplakin: 5′-TGTTTGTTGCTGGTTTCCTGC; involucrin: 5′-GCGGACCC-GAAATAAGTGG; β-actin: 5′-GCCTTGCACATGCCGG) with SuperScript III reverse transcriptase (Invitrogen) followed by RNase H treatment before proceeding to the PCR reaction. A negative control containing all of the RT reagents except RT enzyme was included. For real-time PCR, the primers and Taqman probes were designed: for epiplakin, forward (5′-AGCTGGTGAGGATGTATAGAACACAC), reverse (5′-TGTTTGTTGCTGGTTTCCTGC) and Taqman probe (5′-ACGGGCACTGCAGACGGTAGCG); for β-actin, forward (5′-ACCATGGATGATGATATCGCC), reverse (5′-GCCTTGCACATG-CCGG), and Taqman probe (5′-CGCTCGTCGTCGACAACGGC); for involucrin, forward (5′-CCAGAGGCCCTCAGATCGT), reverse (5′-GCGGACCCGAAATAAGTGG), and Taqman probe (5′-TCAT-ACAAGGGAAGAGAGAGCCACTGGC). Involucrin was included as a control to monitor the differentiation of keratinocytes, and β-actin served as an internal control. The primers and Taqman probe of β-actin were also added to the negative control to verify the absence of DNA contamination. Real-time PCR was conducted at 50°C for 2 minutes, then at 95°C for 10 minutes, followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. The relative level of epiplakin and involucrin transcripts were calculated as 2 -∆Ct , where ∆Ct=[Ct of target gene -Ct of actin gene]. The experiments were performed at least three times, each with triplicate samples.
RNA interference and establishment of stable cell lines Epiplakin was knocked down by siRNA with the target sequence of 5′-AAGATGAGCATCTACCAGGCC (siRNA-KD: duplex RNA of epiplakin target sequences) which is located in the last six copies of the B domain of human epiplakin (AB051895). For the negative control, the scrambled target sequence of 5′-AAGTATACAGC-CCGCTAGCAG (siRNA-SC: duplex RNA of scrambled epiplakin target sequences) was used. Both double-stranded RNAs were obtained through in vitro transcription by using the Silencer siRNA Construction Kit (Ambion). For transient transfection, the indicated concentration of siRNA-KD was transfected into cells by lipofectamin 2000 (Invitrogen). As for the control, cells were also transfected with siRNA-SC or exposed to lipofectamin 2000 alone. The level of epiplakin was monitored at 48-72 hours post-transfection.
To establish the epiplakin stable knockdown cell lines, DNA oligos of the target sequence or the scrambled sequence were cloned into pSilencer (Ambion) to obtain pSilent/Epi-KD and pSilent/Epi-SC constructs. HeLa cells were transfected with indicated plasmids (4 µg) using Fugene 6 (Roche) as described previously (Jang and Steinert, 2002) . One day after transfection, cells were split in a 1:3 ratio under the selection medium containing 0.2 mg/ml hygromycin B (Invitrogen). The cultures were maintained with selection for 2 weeks, the hygromycin B-resistant colonies were isolated and transferred to 24-well plates. A total of 20 clones from each construct were selected and screened by immunofluorescent staining and western blotting. The positive clones (2 from each plasmid) were expanded and maintained in the growth medium containing hygromycin B. The establishments of stable HeLa cell lines were repeated twice.
Co-transfection and rescue experiments
To study the effects of the epiplakin linker, B domain and their combination on IF networks in the absence of endogenous epiplakin, pEGFP-epiplakin constructs were used in conjunction with RNAi study. Since B13 domain cDNA contains the target sequences of siRNA, three silent mutations (lower case letters, AAGATGAGtATaTAtCAGGCC) were generated in pEGFP-B13 and pEGFP-L12B13 constructs. These were made to prevent the knock down by siRNA-KD on the mRNA derived from the expression of pEGFP-B13 and pEGFP-L12B13 constructs. HeLa cells were seeded in a 4-well chamber slide (15,000 cells/chamber) 1 day before transfection. The indicated pEGFP-epiplakin constructs (200 ng) were either co-transfected with siRNA-KD (50 nM) into wild-type HeLa cells (for prevention experiments) or transfected into the stable epiplakin knockdown cell lines established by pSilent/Epi-KD (for rescue experiments). The cultures were fixed 48 hours posttransfection and processed for immunofluorescent staining as described above.
Results
The presence and distribution of epiplakin in cultured cells Although the expression of epiplakin in various tissues has been reported (Fujiwara et al., 2001) , the subcellular localization of human epiplakin in cultured epithelial and epidermal cells remained unclear. We first obtained a polyclonal antibody against a peptide sequence found in each of the last five linker domains. The specificity of the epiplakin antibody was evaluated by immunoblot analysis whereby only one band with high molecular mass was observed in NHEK-L but not in Cos7 cells (Fig. 1A) . However, when a lower percentage of polyacrylamide gel and less secondary antibody were used, the epiplakin antibody recognized two bands in different cell lines (Fig. 1B) . These bands were found in both soluble and insoluble fractions of NHEK-L and HeLa cells. However, the doublet was detected only in the soluble faction of HaCaT cells. These bands also showed different apparent molecular masses in different types of cells. Of note, the precise molecular mass of each band could not be determined since it is known that plakin proteins run aberrantly in SDS-PAGE gel (Stappenbeck et al., 1993) . Nevertheless, using the rabbit skeletal myofibril, which contained titin, nebulin and myosin as reference markers, we estimated that the sizes of human epiplakin ranged from 510 kDa in NHEK cells (lower band) to 750 kDa in HaCaT cells (higher band). Since epiplakin is encoded by a single exon (Takeo et al., 2003) , it is probable that these bands might result from the post-translation modification; however, the degradation of epiplakin during the preparation can not be ruled out. As revealed by immunofluorescent staining (Fig. 1C) , the distribution of epiplakin showed a filamentous pattern extending to the peripheral regions in the cytoplasm in HeLa, A431 and HaCaT. The pattern of epiplakin distribution was close to IF networks rather than microfilament or microtubule networks. Interestingly, epiplakin staining showed a diffuse pattern in NHEK-L cells, but with some thin filamentous structures (Fig. 1C,  arrows in d) . Additionally, not all keratinocytes stained positively for epiplakin. Only the large cells, which were Journal of Cell Science 118 (4) undergoing terminal differentiation, expressed epiplakin, suggesting that the expression might be regulated in differentiating keratinocytes. This is further supported by the observation that more keratinocytes showed positive epiplakin staining with an obvious filamentous pattern in NHEK cultures after the calcium switch (see below).
Co-localization of epiplakin and IF networks
The association of plakins and cytoskeleton has been well documented (for a review, see Leung et al., 2002) . With the decoration of the IF network by epiplakin, we next examined the co-localization of epiplakin and cytoskeletal networks. To have a better comparison of the distribution of epiplakin, keratin and vimentin, a triple-color staining was performed in HeLa cells ( Fig. 2A) . Although all three proteins showed a filamentous pattern, the staining of epiplakin co-localized more closely with keratin (pinkish color in Fig. 2A,d ) than with vimentin throughout the cytoplasm. Epiplakin localized with vimentin in some places with thick filament structures in the cytoplasm (yellow, arrowheads in Fig. 2A,d) . In some areas, the thick filament structures appear white indicating that all three proteins co-localized (arrows in Fig. 2A,d ). The colocalization between epiplakin and epidermal keratin IF was also found in HaCaT cells (Fig. 2B) . Epiplakin co-aligns with K14 throughout the cytoplasm and peripheral regions. In some branch regions, a strong co-localization signal was observed (arrows in Fig. 2B,d-f ). However, epiplakin showed more intensive staining especially around the perinuclear region (arrowheads in Fig. 2B,a) . Also, epiplakin staining was not as even and clear a filamentous pattern, as the K14 staining. This might be because of the different affinity of the antibody used.
In contrast to the HeLa cells, almost all of which expressed epiplakin, not all the NHEK cells showed positive staining of epiplakin (Fig. 1C) . In large keratinocytes, epiplakin staining was diffuse and it did not co-align with K5 in NHEK-L cells (Fig. 2C,a-c) . However, one day after the calcium-switch, more keratinocytes showed positive staining with an obvious filamentous pattern that was clearly co-aligned with K5 (Fig.  2C, arrows in d-f ). These observations suggest the potential involvement of the calcium elevation in the expression and organization of epiplakin in NHEK cells.
Expression of epiplakin is up-regulated in differentiating keratinocytes
Until recently, only two plakins, envoplakin and periplakin, were reported as being up-regulated in differentiating keratinocytes (Ruhrberg et al., 1996; . The immunofluorescent staining of epiplakin in NHEK cells revealed that the epiplakin level increased after the calcium switch. We conducted a time-course study to monitor the level of epiplakin in differentiating keratinocytes. As shown in Fig.  3A , the population of keratinocytes with positive epiplakin staining increased from 10% in low calcium medium to more than 80% in 3 days under the high calcium condition. The increase of epiplakin expression was further confirmed by immunoblotting analysis in which the level of epiplakin increased with time, in both soluble (Fig. 3B) and insoluble (Fig. 3C) fractions. Epiplakin increased by more than tenfold in NHEK-H at day 9 of culture (lane 7) compared to the NHEK-L cells sample (lane 2) in both fractions. Furthermore, multiple bands with lower molecular masses appeared in insoluble fractions after day 3 (lanes 4-7), suggesting possible processing of epiplakin in terminally differentiating keratinocytes.
Next, we examined whether the increase in epiplakin in NHEK resulted from up-regulation at the transcriptional level. By using real-time RT-PCR it was determined that the level of β-actin transcript remained constant throughout the course of study and it was used as an internal control (data not shown). The relative level of the epiplakin transcript showed a 2.5-fold increase one day after the calcium switch (Fig. 3D, black bars) . The increase continued up to day 3 at which time the transcript was more than 15-fold higher than in NHEK-L cultures. At this point, the abundance of epiplakin transcript was equivalent to half that of the β-actin transcript (Fig. 3D, insert, black line) .
Journal of Cell Science 118 (4) The level of epiplakin transcript then decreased in day 5 and day 7 cultures to about fivefold and fourfold over the control, respectively. However, epiplakin protein continued to accumulate during the same period of time (Fig. 3B,C) . In a parallel experiment, the level of epiplakin transcript in HeLa cells was measured (Fig. 3D , white bar), and it was equivalent to that of one-day NHEK-H cultures. As for the control to monitor the keratinocyte differentiation, the level of involucrin transcript increased substantially after day 3 of high calcium (Fig. 3D, hatched bars) . These data demonstrate that the increase of epiplakin expression in differentiating keratinocytes indeed resulted from up-regulation at the transcriptional level. We did not further examine the role of epiplakin in keratinocyte differentiation since it was beyond the scope of the current study.
The repeat unit (linker plus PRD) of epiplakin preferentially associates with assembled keratin filaments The filamentous pattern of epiplakin staining in cultured cells raised the possibility of interaction between epiplakin and IFs. Since epiplakin comprises multiple copies of linker and B domains (Fig. 4A) , the dot blot overlay assays were conducted to determine if the linker and/or the B repeat domains were essential for the interaction. Owing to the enormous size and highly repetitive nature of human epiplakin, we failed to obtain the full length human epiplakin cDNA by conventional PCR. However, since the last five to eight copies of repeated domains (linker and B repeat domains) are virtually identical, we turned our attention to the last region of the linker (L12) and B repeat (B13) in which their combinations were fused with GST protein (see Table 1 ). As shown in Fig. 4B , GST-EpiB13 showed modest binding with vimentin, K5, K8 and assembled K8/K18 filament, and weak binding with K14 and assembled K5/K14 filament, but no association with involucrin and K18. The linker alone (GST-EpiL12) did not associate with any proteins except vimentin which showed weak, but detectable binding. In contrast, the combination of linker and B repeat domains (GSTEpiL12B13) showed strong association with vimentin, K14, K5/K14 filament and K8/K18 filament, whereas modest binding was observed with K18 monomer. Furthermore, GSTEpiL12B13 interacted preferentially with assembled filaments rather than keratin monomers. This is particularly evident in the case of simple epithelial keratin IF, where a much stronger interaction with K8/K18 IF was observed than with K18 or K8 monomers. These data demonstrate that both linker and B domain of epiplakin are necessary for the association with keratin and vimentin IF in vitro.
Knock down of epiplakin results in disarray of IF networks in HeLa cells
The data presented so far suggest that epiplakin might function as an IF-associated protein. To further understand the biological role of epiplakin, an RNAi experiment was conducted to deplete the endogenous epiplakin. The effective target sequences for epiplakin knockdown were determined empirically. To monitor the transfection efficiency of siRNA-KD duplex, the transiently transfected HeLa cells were first monitored by immunofluorescence analysis. As shown in Fig.  5A , more than 90% of the cells did not show epiplakin staining compared with the control transfected with siRNA-SC duplex. This was further confirmed by western blotting where the endogenous epiplakin was dose-dependently knocked down by siRNA-KD duplex in HeLa cells (Fig. 5B) . Transfection of 2 nM and 50 nM siRNA-KD duplex caused 40% and 90% reduction compared to the control, respectively.
The effects of epiplakin depletion on cytoskeleton structures were then studied in HeLa cells. If epiplakin interacts with vimentin and keratins in vitro as demonstrated in the binding assays, lowering its level should affect the IF networks. As predicted, the phenotypic analyses using the triple-color staining showed that disorganized keratin and vimentin IF networks with a focal concentration at the perinuclear region were present in transfected cells that had faint epiplakin staining (Fig. 5C ). By contrast, the IF networks of keratin and vimentin remained intact in the non-transfected cells where abundant epiplakin with a filamentous pattern was observed (arrows in Fig. 5C,a-d) . These results showed that epiplakin plays an important role in the integrity of both IF networks in epithelial cells. We also found that the absence of epiplakin did not affect microfilament (Fig. 5C,f) or microtubule networks (data not shown). The RNAi experiments were also performed in HaCaT and NHEK cells. Compared with the control, epiplakin was also effectively reduced by the siRNA-KD duplex in NHEK cells maintained either in low or high calcium condition (Fig. 6A) . However, we did not see any disruption of epidermal keratin IF networks in either case (data not shown). Similar results were observed in HaCaT cells where epiplakin was significantly depleted by RNAi (Fig. 6B ), yet the keratin IF network remained intact. These results demonstrate that epiplakin plays a more critical role in maintaining the IF networks in simple epithelial cells than in epidermal cells.
It has been reported that the transient effect of knockdown lasts only for 4-7 days (Tijsterman et al., 2002) . To further study the long-term consequences of epiplakin depletion, stable HeLa cell lines were established by expressing siRNA-KD duplex driven by a human U6 promoter for continuous knockdown of epiplakin. Western blotting showed that only a trace amount of epiplakin was found in two clones transfected with the pSilent/Epi-KD construct compared to the control transfected with pSilent/Epi-SC construct (Fig. 7A) . Consistent with the results from the transient knockdown study, the cells with the stable epiplakin knockdown showed faint epiplakin staining with disorganized keratin (Fig. 7B,c,f) and vimentin (see below) IF networks, whereas the microfilament and microtubulin networks remained intact (Fig. 7B,b,e) . The control stable cell lines showed the normal filamentous pattern of epiplakin, keratin and vimentin (Fig. 7B,g-i) . These results demonstrate that epiplakin is critical for the integrity of IF networks in simple epithelial cells. association with vimentin and the keratins in vitro (Fig. 4B) .
In an attempt to further study the effects of these fragments on IF networks in the absence of endogenous epiplakin in vivo, the pEGFP-fused constructs were used in conjunction with the RNAi experiments. Since the target sequence of RNAi was located on the B13 domain, three silent mutations were made to avoid the knockdown on the transcripts derived from pEGFP-B13 and pEGFP-L12B13 constructs. In the transient knockdown rescue experiments, we first co-transfected the pEGFP-fused epiplakin constructs together with siRNA-KD into HeLa cells and evaluated the IF networks by immunostaining. As shown in Fig. 8A , the expression of the B13 domain was in an aggregate formation around the perinuclear region (Fig. 8A,a) . The linker itself (L12, Fig.  8A,d) showed punctate distribution in the cytoplasm and peripheral regions. Furthermore, both vimentin and keratin IF networks remained disorganized in the cells transfected with either pEGFP-B13 (Fig. 8A,b,c) or pEGFP-L12 (Fig. 8A,e,f) construct. In contrast, transfection of the pEGFP-L12B13 construct resulted in both fine and thick filament structures (Fig. 8A,g ). Furthermore, compared to the non-transfected cells, both vimentin and keratin IF networks remained intact in the transfected cells (Fig. 8Ah,i) . These observations not only support the results from the dot blot assays on the association of the L12B13 fragment with vimentin and assembled keratin IFs, but also demonstrates functionally that the repeat unit of the L12B13 fragment, when introduced together with siRNA-KD, is sufficient to prevent the disruption of vimentin and keratin IF networks in HeLa cells.
To further confirm these observations, we conducted stable knockdown rescue experiments. The EGFP-fused epiplakin constructs were transfected into the stable epiplakin knockdown HeLa cell lines. These cells retained the intact microfilament and microtubule networks but contained disorganized IF networks (Fig. 7B) . Consistent with the results from transient co-transfection experiments, the IF networks remained disarrayed in the cells transfected with either pEGFP-B13 or pEGFP-L12 constructs (data not shown). In the case of pEGFP-L12B13 transfection, the keratin filament network did not show a disorganized pattern, unlike the nontransfected cells, which the keratin network was in disarray (Fig. 8B,c) . However, both epiplakin and keratin staining (Fig. 8B,b,c) did not display an obvious filamentous pattern compared to the observations from transient transfection (Fig. 8A,i) . In addition, the vimentin IF network remained disorganized regardless of the presence of the L12B13 fragment (Fig. 8B,f) . These results demonstrate that the L12B13 fragment was able to partially restore the collapsed keratin but not vimentin IF network in these stably knocked down HeLa cell lines.
Discussion
Until recently, only a few studies on epiplakin had been reported, and little is known about its role in epithelial cells. We speculated that epiplakin, as a member of the plakin family, might function as a cytolinker involved in the cytoskeletal infrastructures in epithelial tissues. It has been shown that the PRD of plakins is important in mediating IF binding. Unlike other conventional plakins, epiplakin contains only multiple copies of PRD together with various sizes of linkers. It is worthwhile noting that the linker of epiplakin is quite different from the conserved linker (L subdomain), which is located downstream of the B subdomain of desmoplakin and plectin. Epiplakin has different sizes of linker, especially the last five linkers (356 residues, L8-L12, Fig. 6A ), which are twice the size of the associated B domain and are conserved only within epiplakin itself. By using part of the linker sequences as an epitope, the epiplakin antibody recognized two bands in both epithelial and epidermal cells. It is unlikely that these resulted from alternative splicing, since it is encoded by a single exon. It is possible that these bands resulted from post-translation modification. In addition, the molecular mass of human epiplakin was 725 kDa in HaCaT cells, similar to mouse epiplakin (Spazierer et al., 2003) . This is different from the estimated 552 kDa in HeLa cells, reported by Fujiwara et al. (Fujiwara et al., 2001) . Our data showed that the size of human epiplakin could vary from 510 to 750 kDa depending upon the cell types. It is not yet clear why different sizes of epiplakin were found in different cell types. We speculate that human epiplakin might have a different start codon present or it might be processed post-translationally into different sizes in different cell types; however, this remains to be clarified.
Epiplakin decorates IF networks in both epithelial and epidermal cultured cells. This is in agreement with the recent report on mouse epiplakin which was shown to have a partly filamentous structure in hepatocytes (Spazierer et al., 2003) . Based on the triple-label staining, the filamentous pattern of epiplakin was well localized with keratin IFs throughout the cytoplasm, but only partially co-localized with vimentin IFs. Although the precise association regions remain to be determined, epiplakin might span two IFs in some critical, but not all, areas of the network. Epiplakin seems not to associate tightly with IF networks in vivo. We have performed pulldown assays and co-immunoprecipitation reactions but failed to detect any other proteins except epiplakin itself (data not shown). It is unclear whether such a weak association is related to a possible phosphorylation state of epiplakin as reported in the cases of plectin and desmoplakin (Foisner et al., 1991; Stappenbeck et al., 1994; Wiche, 1998; Kowalczyk et al., 1999) or if other accessory proteins are needed for stable binding. Nevertheless, the association of epiplakin with keratin and vimentin was supported by the binding assays using the recombinant proteins and reconstituted filaments. We found that a single repeat unit (L12B13) of epiplakin: (i) can interact directly with keratins and vimentin proteins and (ii) binds more efficiently to assembled IF than to keratin monomers. Furthermore, the linker and the B domain might have different roles in the binding to IFs. It was reported that the linker, B and C subdomains of desmoplakin and BP230 play an important role in the specificity and interaction with IFs (Fontao et al., 2003) . We observed preferential binding of epiplakin fragments to different type of keratins. In the case of the B domain alone, it favored binding with type II over type I keratins. This is similar to desmoplakin, which associates preferentially with type II epidermal keratins (Meng et al., 1997) . However, opposite results were observed when both linker and the B domain were present, indicating that the linker affects the binding preference of B domain. The linker might enhance the binding to vimentin and assembled keratin IFs since the linker alone did not show any binding and the B domain itself showed only modest or weak association. Furthermore, the expression of the EGFP-fused L12B13 fragment was seen as a filamentous structure in both thin and thick patterns when epiplakin was knocked down (Fig. 8A) . This supports the results of the overlay binding assays which showed that the repeat unit (L12B13) was sufficient for a robust binding to vimentin and assembled keratin IFs.
In contrast to the absence of a filamentous pattern in mouse keratinocytes as reported by Spazierer et al. (Spazierer et al., 2003) , human epiplakin showed a fine, patchy filamentous pattern in NHEK-L cells and became more apparent in thicker filaments in NHEK-H cells. Similar to periplakin and envoplakin, the expression of epiplakin was up-regulated at the transcriptional level after the calcium switch. The relative level of the epiplakin transcript when it reached a peak during day 3 in NHEK-H cells was estimated to be about sixfold higher than in HeLa cells (Fig. 3D) . It is unclear why epiplakin is expressed at such a high level, and what physiological roles epiplakin may play during the keratinocyte differentiation. We reason that if epiplakin acts as a bundling protein on IF networks, more epiplakin may be needed during the keratinocyte differentiation when another set of epidermal keratins K1/K10 starts to express. We also studied the involvement of epiplakin in the formation of the CE complexes and no epiplakin peptides were detected in CE isolated from a foreskin sample (data not shown). However, a recent study reported that epiplakin crosslinks to trichohyalin, keratin, SPR and involucrin in the inner root sheath of hair follicles (Steinert et al., 2003) .
Gene ablation of several plakins has been well documented (reviewed by Leung et al., 2002) . Based on the findings in this study, it will be interesting to see what the consequence of epiplakin knockout in mice will be. However, given the size and the highly repeated regions of the mouse epiplakin gene, it will be a challenge to generate the null mice of epiplakin. We have applied RNAi to effectively knock down human epiplakin in both epithelial and epidermal cells. To our surprise, the knockdown of epiplakin revealed quite different consequences in simple epithelial and epidermal cells (see Table 2 ). In simple epithelial cells, when epiplakin was knocked down, both keratin and vimentin IFs collapsed, suggesting that epiplakin might serve as a stabilizer for the integrity of IF networks. The depletion of epiplakin did not seem to cause the collapse of IF networks immediately. We have observed that when HeLa cultures were treated with Triton X-100 prior to fixation, no epiplakin staining was found, yet both keratin and vimentin IF networks remained intact (our unpublished observation). This suggests that both existing IF networks could be sustained for a period of time after epiplakin was depleted. Another line of evidence to support this, as demonstrated in the transient knockdown rescue experiments, is that the expression of a copy of the repeat unit (L12B13) was able to prevent the collapse of both keratin and vimentin IF networks. Although the nature of the interaction is unclear, the presence of the overexpressed L12B13 domain could supplement the role of endogenous epiplakin as an IFassociated protein, and together with other unknown proteins maintain both keratin and vimentin IF networks. It should be noted that the L12B13 fragment can only represent the last five to eight repeats of epiplakin; whether the other copies of linker and B domain of epiplakin will have a role similar to the L12B13 repeat remains to be studied. In the stably knocked down rescue study, however, the L12B13 fragment could only partially restore the keratin network suggesting that these unknown proteins were no longer available for the full restoration of the keratin network. Furthermore, the collapse of the vimentin network most probably resulted from a secondary effect of the absence of epiplakin and the disorganized keratin IF network. This can be supported from two observations: (i) epiplakin only partially co-localized with vimentin on the thick filament structures (Fig. 2A) , and (ii) the L12B13 fragment could not restore vimentin IF networks in the stably knocked down cell lines (Fig. 8B) . The phenomenon of disorganized IF networks in the absence of epiplakin seems to be restricted only to simple epithelial cells. In epidermal cells, it is not clear why the absence of epiplakin did not have any effect on the structure of IF network in HaCaT and NHEK cells. We reason that epidermal cells contain more robust and complex keratin organization than simple epithelial cells. There may be other unidentified proteins that might have a compensatory role in preventing the collapse of the epidermal keratin IF network when epiplakin is depleted.
Despite the disarrayed IF networks, we observed that the stable knockdown HeLa cells continued to grow. We reason that since the actin and microtubule networks remained intact in these stable cell lines, the cells could survive through the support of microfilament and microtubule networks in the first few passages. However, these networks could not persist for a long period of time. The cells also became flat and large and could no longer withstand the mechanical stress during the passage that eventually led to cell rupture (our unpublished observation). The results of the current study and the fact that the expression of epiplakin is mainly restricted to epithelial tissues point to the important role of epiplakin for strengthening and/or maintaining the integrity of IF networks in these tissues to endure the mechanical stress. Therefore, in the case of epiplakin null mice, we speculate that there should have been some consequences in simple epithelia such as in esophagus, stomach and small intestine. However, it is still questionable whether the mice will show any skin phenotypes since the K5/K14 IF networks remained intact when epiplakin was knocked down in cultured keratinocytes. Also, the recent knockout studies on the key components of CE have demonstrated that involucrin, loricrin, envoplakin and periplakin are not crucial for CE formation and skin barrier function (Djian et al., 2000; Koch et al., 2000; Määttä et al., 2001; Aho et al., 2004) .
Epiplakin in some ways behaves like other plakins in the decoration of IF networks in cytoplasm. However, unlike plectin, epiplakin does not appear to associate with microtubule or microfilament networks. Also, unlike periplakin or envoplakin, we do not have evidence that epiplakin is a component for CE formation in keratinocytes. In conclusion, we have characterized human epiplakin in cultured epithelial and epidermal cells. We shown that epiplakin functions as a cytolinker in association mostly with keratin and connects partially with vimentin IF networks. We have also demonstrated that epiplakin plays an important role in stabilizing/maintaining the IF networks in simple epithelial cells, and documented the increase of epiplakin transcript in differentiating keratinocytes. Further study on mapping the sequences responsible for the interaction for epiplakin and its partners should provide more insight into the role of epiplakin in epithelial cells.
